Tracks produced by swift heavy ions in ceramics are of interest for fundamental science as well as for applications covering different fields such as nanotechnology or fission-track dating of minerals. In the case of pyrochlores with general formula A 2 B 2 O 7 , the track structure and radiation sensitivity show a clear dependence on the composition. Ion irradiated Gd 2 Zr 2 O 7 , e.g., retains its crystallinity while amorphous tracks are produced in Gd 2 Ti 2 O 7. Tracks in Ti-containing compositions have a complex morphology consisting of an amorphous core surrounded by a shell of a disordered, defect-fluorite phase. The size of the amorphous core decreases with decreasing energy loss and with increasing Zr content, while the shell thickness seems to be similar over a wide range of energy loss values. The large data set and the complex track structure has made pyrochlore an interesting model system for a general theoretical description of track formation including thermal spike calculations (providing the spatial and temporal evolution of temperature around the ion trajectory) and molecular dynamics (MD) simulations (describing the response of the atomic system). Recent MD advances consider the sudden temperature increase by inserting data from the thermal spike. The combination allows the reproduction of the core-shell track characteristic and sheds light on the early stages of track formation including recrystallization of the molten material produced by the thermal spike.
Introduction
In nature, nanometer-sized particle tracks of many micrometers in length are formed over millions of years when radioactive elements decay by fission processes, producing energetic fragments of sufficiently high mass ($100 u) and energy ($100 MeV) that slowdown in their host minerals. In the laboratory, large accelerator facilities for swift heavy ions provide the most suitable conditions for producing particle tracks under controlled irradiation conditions using adjustable ion energies (MeV to GeV) and beams of all elements up to uranium. Swift heavy ions are typically defined as high-mass particles of kinetic energy above about 1 MeV per nucleon (MeV/u). In this regime, the energy deposition of the ions is dominated by electronic stopping, and each individual ion may induce a linear trail of damage with a width of a few nanometers and a length of several tens of micrometers or more.
During the last decade, radiation effects induced by swift heavy ions have been studied in a wide range of materials for basic research, as well as for very different applications. The interest in ion tracks has also been boosted by the rapidly increasing activities in nanoscience, in particular for the fabrication of tailored nanopores and nanowires [1] [2] [3] [4] .
Although track formation has been the subject of research for many years, our current understanding of the complex mechanisms involved is far from being complete. The process is quite different from damage creation induced by low energy ions (keV-MeV), where atoms are directly displaced from their lattice sites via elastic collisions. At high energies, the projectiles transfer their energy to the electrons of the target, inducing ionization and initiating a cascade of secondary electrons that quickly spreads radially. Within a time of less than a picosecond, the energy is gradually transferred into atomic motion, thereby modifying the atomic structure of the solid. About half of the ion energy is deposited within a few nm around the ion path [5] , providing in extreme cases sufficient energy to break all atomic bonds in this region. The http://dx.doi.org/10.1016/j.cossms.2014. 10 .002 1359-0286/Ó 2014 Elsevier Ltd. All rights reserved. energy deposition per unit path length, electronic energy loss dE/ dx, increases with the charge of the ions and can reach values as large as some tens of keV/nm [6] . The formation of tracks typically is material dependent and appears above a critical value of electronic energy loss. This threshold is directly correlated with the radiation hardness of a given solid, being high for metals and low for insulators. In many materials, predominantly in insulators but also in a few selected semiconductors and metals, tracks consist of extended amorphous cylinders embedded in the crystalline matrix, with the interface between the amorphous zone and intact surroundings being rather sharp. There also exist many other ioninduced structural modifications including amorphous tracks in an amorphous matrix [7, 8] , tracks consisting of a different crystalline phase than the initial non-irradiated crystal [9, 10] , and tracks of a more complex core-shell structure as discussed below.
With respect to the track-formation process of swift heavy ions, the main unsolved question concerns the spread of the iondeposited energy as a function of space and time and its conversion into atomic motion. Besides several other descriptions [11] [12] [13] [14] [15] , the most widespread theoretical approach is the inelastic thermal spike model, in which track formation is linked to localized lattice heating [16] [17] [18] . The diffusion of the deposited ion energy is followed in space and time by separate classical heat transport equations for the electrons and atoms that are coupled by an electron-phonon coupling term. Estimations of the temperature reached along the ion path depend on details of this coupling and can vary quite noticeably from some tens up to several thousands of degrees. A crucial point is the radial spread of the electron cascade dissipating part of the deposited energy into a larger volume and thus not contributing to local lattice heating. The target volume to which the energy is initially deposited is dependent on the energy transfer in the ion-electron collision process. At a given energy loss, high-velocity ions spread their energy into a larger volume which leads to a lower energy density (denoted as ''velocity effect'') [19] . New approaches nowadays combine thermal-spike calculations with molecular dynamics (MD) simulations by introducing space and time dependent temperature profiles to the atoms and following up their motion. This approach provides important information about the atomic structure, bonding, and density variations in the track and surrounding regions [20, 21] . As it will be described in this review, the complex morphology of swift heavy ion tracks in pyrochlore (general formula A 2 B 2 O 7 ) provides a unique opportunity to validate theoretical descriptions and computer simulation related to the track-formation process. The first part of the review summarizes the most important experimental findings of tracks in different complex ceramics, which is followed by a more detailed description for different pyrochlore compounds. This will be the basis for thermal spike and MD model calculations yielding theoretical descriptions of the observed track effects.
In the past, swift heavy ion effects have been studied in a wide range of complex ceramics with very different applications including, e.g., the formation of pinning centers in high-T c superconductors [22] , radiation hardness tests of nuclear waste materials, or the simulation of fission-fragment tracks in apatite, Ca 5 (PO 4 ) 3 (F,Cl,OH) and zircon, ZrSiO 4 [23] . The analysis of tracks from spontaneous fission of uranium in various minerals is an important dating technique used to constrain the age and thermal history of geological and archaeological samples. Although the original damage morphology and annealing mechanisms of latent tracks are poorly understood, the temperature-dependent size distribution of chemically etched tracks is the key measurement used to constrain the thermal history of Earth's crust. Several studies have recently applied an advanced experimental approach to characterize tracks at the atomic scale by means of state-of-the-art transmission electron microscopy (TEM) together with synchrotron-based small angle X-ray scattering (SAXS) [23] [24] [25] [26] [27] [28] [29] [30] . These detailed investigations have provided new insights into the fundamental aspects of the formation and stability of ion tracks in minerals over a range of geologically relevant conditions. Swift heavy ion effects are less intensively investigated in complex ceramics of importance for nuclear applications. The flexible chemistry of such materials allows for the incorporation of actinides, with application as inert matrix fuels for burning actinides, burnable neutron absorber materials to increase nuclear fuel burn up, and nuclear waste forms [31] [32] [33] . To simulate the structural modifications induced by neutron irradiation or alpha-decay damage, past studies have focused primarily on interactions with keV-MeV ions that lose their energy mainly through elastic collisions with the target atoms. However, in recent years the interest in swift-heavy ion effects in ceramics with nuclear applications has significantly increased, and the response of spinels, perovskites, garnets, pyrochlores, and related materials to GeV ions has been investigated. Also synergetic and competing effects of nuclear and electronic stopping powers were identified [34] [35] [36] . Recent research activities are also motivated by the general interest in the behavior of complex ceramics in extreme environments. The exceptionally high energy densities induced by swift heavy ions (up to tens of eV/atom), drive the local atomic structure far out of equilibrium conditions. Owing to their rich variety of phases, such unique conditions lead, in some complex oxides, to interesting structural modifications [37, 38] .
Experimental observation of ion tracks in different ceramics
Track data of various research groups on a wide range of complex ceramics are compiled in Fig. 1 showing the average diameter as a function of the energy loss. In order to exclude effects due to different beam velocities, the data set is limited to irradiation experiments with ions of kinetic energy on the order of 5-10 MeV/u (see Table 1 ). The track diameters in Fig. 1 were obtained either by TEM or SAXS. For various amorphizable materials, both methods were demonstrated to lead to the same diameter values [27, [39] [40] [41] . Moreover, TEM as well as SAXS provide direct information of the size of non-overlapping tracks, in contrast to the indirect damage cross-section measurements where the damage evolution is recorded as a function of the ion fluence, followed by data analysis assuming a single or double hit damage process [42] .
It is interesting to note that the track sizes show a rather consistent trend over a wide range of energy loss (Fig. 1 ). The average track diameter increases gradually between 10 and 30 keV/nm followed by less pronounced increase for higher energy loss values. Taking into account the large differences in chemical composition and structure of these materials (Table 1) , the track-size conformity for a given dE/dx is remarkable. Only tracks in perovskites (general formula ABO 3 ) seem to be systematically smaller than in most other materials indicating a higher radiation resistance. While the size of ion tracks is comparable in a large number of complex ceramics, high-resolution TEM reveals that the track morphology can differ significantly. In most of the compiled materials, tracks are amorphous, but there also exist crystalline tracks consisting of a different structure than the non-irradiated matrix (e.g., spinel [43] ). Of special interest for track-formation studies is the complex track morphology observed for pyrochlores and compositionally related materials characterized by a track core surrounded by a shell to be discussed in more detail.
Isometric pyrochlore (Fd 3m, Z = 8, a = 0.9-1.2 nm), with the general formula A 2 B 2 O 7 , is closely related to the fluorite structure (AX 2 ), with two cation sites and one-eighth fewer anions [52] . In the ordered pyrochlore structure, the two aliovalent cations are ordered on the cation sublattice, and the oxygen vacancies are ordered on the anion sublattice. The radiation stability of pyrochlore depends strongly on the ratio of the radius of the A-and B-site cations of the specific chemical composition. If this ratio r A /r B exceeds 1.78, the ordered pyrochlore structure is no longer the stable phase, but a monoclinic structure will form. If the radius ratio is below 1.46, a disordered, defect-fluorite structure forms for A 2 B 2 O 7 oxides instead of ordered pyrochlore, in which the A-and B-type Table 1 . Table 1 Track diameters in a wide range of complex ceramics induced with different ion beams. Material properties and ion-beam conditions were extracted from the corresponding papers listed as references. The diameters are plotted vs. dE/dx in Fig. 1 . Data labeled with an asterisk (*) refer to unpublished data from one or more authors of this paper.
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cations are randomly distributed over the A-and B-sites, and the oxygen vacancies are disordered on the anion sublattice. Systematic research with complementary analytical techniques has focused on structural modifications that can be induced by swift heavy ions in pyrochlore as a function of chemical composition (A-site cation [53, 54] and B-site cation [49, 55] ), energy loss [50, 56] , ion velocity [49, 56] , ion-track length [57] , and annealing effects [49] . The most striking radiation response in these materials is the complex damage morphology of individual ion tracks: a nano-scale amorphous track core surrounded by a concentric disordered shell. High-resolution TEM revealed a significant dependence of the core-shell tracks on various experimental parameters, including the chemical composition, the ion energy loss, and the irradiation temperature ( Fig. 2) . Interestingly, a similar core-shell structure was also observed in the compositionally related orthorhombic A 2 BO 5 oxides [37, 44] . The pyrochlore solid-solution series Gd 2 Zr 2Àx Ti x O 7 has been systematically studied since the relative amount of Ti and Zr cations at the B-site covers the entire range of stability for the pyrochlore structure [50, 49] . As displayed in Fig. 3 , the overall track diameter increases gradually from Gd 2 Zr 2 O 7 to Gd 2 Ti 2 O 7 . The same linear trend with increasing Ti content was observed for different dE/dx with an identical rate of diameter increase vs. r A /r B for the different ion beams [50] .
High-resolution TEM images revealed additionally that the damage morphology changes significantly with the pyrochlore composition ( Fig. 3 ). For Ti-rich compounds (i.e., large r A /r B values), the tracks are dominated by a large amorphous core; whereas Zrrich compositions (i.e., small r A /r B values) show tracks consisting of an extended defect-fluorite shell [37, 50, 55] . This complex damage morphology provides a unique experimental benchmark to validate inelastic thermal spike calculations and MD simulations by reproducing the track size and morphology as a function of pyrochlore composition and dE/dx. For such studies, Gd 2 Ti 2 O 7 is the most suitable pyrochlore composition since the pronounced core-shell boundaries allow a direct comparison with highresolution TEM results, which are summarized in Table 2 [50] . At low dE/dx, tracks in Gd 2 Ti 2 O 7 are small and predominantly consist of the defect-fluorite structure; whereas at high dE/dx they are amorphous. Continuous tracks form if the ion energy loss exceeds a critical value of $11 keV/nm, and the amorphous core is detectable above $20 keV/nm. Once formed, this core accounts for the size increase of tracks as a function of dE/dx, while the thickness of the defect-fluorite structured outer shell remains almost constant [50] . The existence of a disordered shell in Gd 2 Ti 2 O 7 is interesting because, given the large difference in the radii of the cations, the fluorite structure is a non-equilibrium phase and thus energetically not favored. As shown below, MD simulations provide insights into the formation mechanism of the disordered, defect-fluorite shell.
Inelastic thermal-spike calculations
Within the thermal-spike model, the dissipation of the ion energy deposited to the target is considered in two steps: (i) initially, the ions transfer their energy to the electrons of the target. By electron-electron interactions, this energy is shared among other electrons and finally transferred to the lattice by electronphonon coupling. (ii) The transferred energy is dissipated among the atoms and induces a high-temperature spike along the ion trajectory. The spike temperature may exceed the critical energy to induce a solid-liquid transformation [59] and in some cases even a liquid-vapor phase change [60] . Track formation is assumed to be the result of rapid quenching of a molten cylinder. Due to the small cylindrical volume of the thermal-spike zone (several nm in diameter), the high-temperature spike cools down within 10 À11 s, leading to a cooling rate of $10 15 K s À1 . The thermal spike model considers the transient process by coupling separate heat transport equations of the electron and atomic systems [61] and monitor the temperature in space and time. The calculations are performed within cylindrical geometry with the ion trajectory being the cylinder axis [16] . Over the years, the model was refined in several steps [16, 62] .
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A complete numerical solution of the two equations has been developed in order to directly introduce the distribution A(r, m,t) of the energy deposition to the electronic subsystem as proposed by Waligorski et al., [63] and validated by Monte Carlo calculations [64] .
The parameter m denotes the velocity of the ions which has to be considered because it has a direct impact on the radial extension of the electron cascade and thus on the initial dose distribution. The radial extension is characterized by a mean absorption length a that defines a cylinder radius in which 66% of the electronic energy loss is deposited [17] . In the heat transport equations, the properties of the target material, such as specific heat and thermal conductivity of the electronic system (C e (T e ), K e (T e )) as well as of the atomic system (C a (T a ), K a (T a )) are included. The numerical solution of Eqs. (1) and (2) yields the evolution of the temperature in the electronic and atomic subsystem in space and time. In the thermal-spike model, track formation is directly linked to quenching of a molten phase. The energy related to the ion-induced temperature along the trajectory has therefore to surpass a critical melting energy (E m ). The formation of a molten track requires that the deposited energy is high enough to reach the melting temperature and to provide the latent heat for the solid-liquid phase change. This condition is only fulfilled for sufficiently strong electron-phonon coupling described by the parameter g in Eqs.
(1) and (2) . In insulators, g is represented by g = D e C e / k 2 , where k denotes the electron-phonon mean free path. Under high electronic excitation and at high electron temperatures, the parameters of insulators are assumed to be the same as for hot electrons in metals, i.e., the specific heat becomes temperature independent. For the simulation, C e is approximated by C e = 1 J/(cm 3 K) and the thermal diffusivity by D e = 2 cm 2 /s. This finally yields k 2 $ 2/g (with k given in cm and g given in J/(cm 3 K s)) [16] . The numerical solution of Eqs. (1) and (2) yields the temperature of the atomic subsystem as a function of radial distance from the ion trajectory and time which is then converted into the corresponding energy deposition per atom (eV/at) within a superheating scenario [65] . Depending on available material parameters, the thermal spike simulations face different scenarios. If both, k and E m , are known, the calculations directly provide track radii and describe the evolution of the track size as a function of the energy loss as well as the track formation threshold [16] . If the melting energy but not the electron-phonon mean free path is known, k is used as free fit parameter that is fixed by fits to experimental track-diameter data. Alternatively, k can be estimated Table 2 Diameter of core-shell tracks in Gd 2 Ti 2 O 7 for irradiations with different ion beams. The energy loss (dE/dx) is calculated with the SRIM-2008 code [6] . The errors in energy loss consider the uncertainty of the layer from which the sample was prepared for TEM. All diameter values are deduced from high-resolution TEM images [50, 58] . 58 [66] . The situation is even more complicated when no experimental data are available, neither for E m nor for k (or alternatively the bandgap), which is often the case for complex systems, such as the here discussed pyrochlore oxides. In order to apply the thermal-spike approach for track description is such materials, both k as well as E m need to be treated as free parameters. Fig. 4 presents calculations for the titanate pyrochlore end member Gd 2 Ti 2 O 7 irradiated with 7-MeV/u Au ions. The core-shell structure of the ion tracks adds additional complexity for the thermal-spike calculations. A key question is which track diameter is the relevant parameter for the melting process, the amorphous core or the combined core-shell extension? In the first step, both k and E m were varied to fit the radii of the amorphous track core as experimentally determined from high-resolution TEM images ( Table 2 ). Fig. 4a presents fits for several k and E m combinations, with best agreement for k = 10 nm and E m = 0.53 eV/at. However, compared to the previous thermal-spike calculations of amorphous tracks in various insulators [66] , a value of k = 10 nm is too large. From the physics point of view, the deduced E m value is also not convincing because it just provides the energy to reach the melting temperature (0.56 eV/at) without the additional energy required for the solid-liquid phase transition. This result suggests that the overall track size, i.e. amorphous core plus surrounding disordered shell, has to be used for the thermal-spike calculations.
Assuming that the entire core-shell track was produced from an initially molten phase, the parameter set of k = 4.9 ± 0.6 nm and E m = 0.9 ± 0.3 eV/at describes the experimental data most accurately across the entire energy loss range, including the threshold for track formation (Fig. 4b) . According to the systematic relation between k and E g [66] , a k value of 4.9 eV corresponds to an optical band gap of 3.0 eV which is in agreement with E g ffi 3.3 eV expected from theory [67] ). The melting energy, E m = 0.9 eV/at, deduced from the fit (Fig. 5a ) also seems reasonable because it is 0.34 eV/ at (360 kJ/mol), larger than the energy (0.56 eV/at) required to reach the melting temperature. The energy difference is comparable to the latent heat determined experimentally for La 2 Zr 2 O 7 pyrochlore [68] and is thus assumed to correspond to the energy required for the solid-liquid phase change. Fig. 4c shows the simulation results for this k-E m data set providing the energy per atom (equivalent to the superheating temperature) of the atomic subsystem as a function of time for different radial distances from the original ion trajectory.
The set of fit parameters k = 4.9 ± 0.6 nm and E m = 0.9 ± 0.3 eV/ at allows us not only to describe the evolution of the track size produced with high-velocity ions (5-10 MeV/u) but provides also good agreement with data from low-energy ions, including 0.1 MeV/u C 60 clusters and 0.5 MeV/u U ions [58] (Fig. 5 ). As mentioned earlier, the velocity of the ions plays an important role because the energy transfer to the atoms is eventually determined by a combination of the radial distribution (a) of the initial energy deposition (given by the electronic energy loss value and by the range of the electron cascade) and the electron phonon coupling (given by the electron-phonon mean free path k). With increasing ion velocity, the impact of k decreases compared to a. For a given energy loss, low-velocity ions produce a higher energy density than high velocity ions leading consequently to a higher energy transfer to the atoms. If a becomes larger than k, the initial energy distribution mainly determines the volume in which the electrons transfer their energy to the atoms. This may explain the surprisingly consistent behavior of track diameters (15% variation for a given energy loss) in a wide variety of complex ceramics that are induced by high velocity ions (5-10 MeV/u) (see Fig. 1 ).
In conclusion, for complex oxides such as pyrochlore, thermal spike model calculations provide a good description of how the size of tracks produced by low and high-velocity ions evolves as a function of the energy loss. However, the experimental data can only be modelled by a realistic set of fit parameters for the melting energy and for the electron-phonon mean free path when assuming that not only the amorphous track core but also the outer track shell results from a molten phase. The rather constant size of the outer defect-fluorite shell is an indication that ion tracks are not formed by a simple melting mechanism. Relaxation processes during quenching may play a crucial role in the formation of the fully crystalline defect-fluorite phase. During the rapid quenching process, this disordered fluorite structure is probably kinetically more accessible than the fully ordered pyrochlore structure. Such relaxation and crystallization processes cannot be described by the thermal-spike approach and MD simulations are indispensable to fully explain the complex track-formation process that leads to the observed core-shell track morphology in pyrochlore. For such MD simulations, the thermal-spike description can provide the spatial and temporal evolution of the energy within the electrons and the atomic subsystem as described in the following section.
Molecular dynamics simulations of thermal spikes
MD simulations follow the time evolution of classical atoms interacting through empirical force fields that are fitted to structural and elastic property data from experiments and quantum mechanical calculations. The numerical integration of equations of motion is carried out with small time steps of the order of femtoseconds to minimize discretization errors. MD calculations are being increasingly used to understand the early stages of track formation by swift heavy ions by implementing a sudden temperature increase over a limited cylindrical track arising from the electronic energy loss using a temperature distribution generated from the two-temperature thermal-spike model [69] [70] [71] [72] . These simulations can provide valuable information about the atomic structure, bonding, and density variations in the track and surrounding regions. The approach is of particular interest for complex ceramics because of variable and complicated responses to thermal spikes, including amorphization resistance, annealing of pre-existing defects, and/or recrystallization of amorphous material. This section presents recent results from MD simulations of track formation in a number of ceramics with special focus on pyrochlores.
Fluorite-structured ceramics, such as UO 2 , are known to resist radiation-induced amorphization. Modelling the atomic motion during a thermal spike induced by swift heavy ions in UO 2 (energy loss 3.9 keV/nm) shows that 7200 ions are displaced by a distance of 0.2 nm or more along the ion track length (10.94 nm) within the simulation cell (20 unit cells thick), but after 40 ps the primary damage consists of only about 36 Frenkel pairs mainly in the anion sublattice [69] . A continuous amorphous damage track is not produced, because only 0.5% of the displaced ions end up as point defects while all other displaced atoms recombine. The remarkable dynamic defect recovery within the picosecond time scale has been related to small energy barriers for defect migration. MD simulations of thermal spikes have also shown the recovery of preexisting defects in crystalline SiC [73] . In the case of a crystal with a buried amorphous layer, recrystallization was observed to begin at the amorphous-crystalline interface. Damage recovery was more effective in partially disordered SiC due to the presence of residual crystalline material throughout the volume of the simulation cell. These results suggest that local heating is the principal reason behind the experimentally observed recovery in damaged SiC irradiated with swift heavy ions.
In contrast to the damage tolerance and recovery processes discussed above, many ceramics exhibit amorphous tracks. MD simulations of thermal spikes performed for tracks in amorphous silica by instantly depositing kinetic energy in a random direction give evidence of a low-density track core surrounded by a high-density shell in quantitative agreement with experimental observations by means of SAXS measurements [70] . A similar core-shell structure, although with a smaller density variation, was found in crystalline quartz [74] . This study was extended to materials such as diamond and ZnO by considering a large range of electronic energy loss values [75] . Track formation appears to be dictated by the competing influences of heat and mass transfer, melt quenching, and recrystallization. Some of the density reduction in the track core is recovered over a time scale of 100 ps.
Using MD simulations, thermal-spike effects were also investigated in crystalline silicates (e.g., ZrSiO 4 [76] , Mg 2 SiO 4 [77] ), titanates (e.g., BaTiO 3 [78] ), and pyrochlores with complex chemistry yielding good agreement with experimental track data including the energy loss threshold for track formation and the evolution of the track size with increasing energy loss. In addition, details about bonding length, coordination numbers, stoichiometry and density changes, are revealed on a time scale of up to nanoseconds that are challenging to obtain experimentally.
Swift heavy ion irradiation effects in the pyrochlore system have been studied extensively, as discussed in the preceding sections, because of the core-shell track structures produced and the possibility of tuning the properties of the ceramic by changing the composition. Detailed MD simulation were also performed for different pyrochlore compositions of the Gd 2 Zr 2Àx Ti x O 7 system (0 < x < 2) [20, 37] . The thermal spike was typically introduced by increasing the kinetic energy of atoms within a region by assigning velocities in random directions such that the desired energy deposition per unit length was achieved. If the spike is considered as a cylinder (with the axis along the ion track), the energy profile along the radial direction can be flat. Alternatively, a Gaussian energy profile can be used with a standard deviation of typically 1-2 nm. In the directions perpendicular to the cylinder axis, boundary layers with a thickness of 0.5 nm were coupled to a heat bath at 300 K. The structural evolution of the system was then followed for about 100 ps. The MD simulations provide an explanation of the observed core-shell morphology in pyrochlore and reproduce the differences in the structure with composition going from titanate to zirconate (Fig. 6 ). The amorphous core and defect fluorite shell in Gd 2 Ti 2 O 7 are clearly seen in Fig. 6(a) . This agreement between simulation and experiment (Fig. 2) offers validation of the simulation method. MD simulations also provided structural details that are difficult to obtain by experiment ( Fig. 3) . For the Zr-end member Gd 2 Zr 2 O 7 , the density of the track core was essentially unchanged after 50 ps, while it was 4% lower than the perfect crystal value for Gd 2 Ti 2 O 7 . It is interesting to note that experimental studies [79] on bulk irradiated Gd 2 Ti 2 O 7 suggest a maximum volume change of 6.5% and thermal recrystallization results in the same work demonstrate that the volume change of amorphous Gd 2 Ti 2 O 7 decreases to about 3.25% before the onset of recrystallization. The 4% lower density of the amorphous state seen in MD simulations is within the window of known amorphous state densities for Gd 2 Ti 2 O 7 , which provides further validation of the simulations. For intermediate compositions between these end members, the density decrease was between 0% and 4% and the magnitude of this change increased with increasing Ti composition. In Gd 2 Ti 2 O 7 , Gd bond defects were twice as numerous as Ti bond defects, while the number of Gd and Zr bond defects was comparable in Gd 2 Zr 2 O 7 . Cation site exchange was much more favorable in Zr-rich compositions than in Ti-rich compositions. Ti did not exhibit significant changes in coordination number relative to the other cation, which is similar to the findings of thermalspike simulations in BaTiO 3 . Anion diffusion was also seen to be faster in Gd 2 Zr 2 O 7 than in Gd 2 Ti 2 O 7 .
The core-shell structure of tracks in Gd 2 Ti 2 O 7 pyrochlores was also reproduced by recent MD simulations combined with thermal spike temperature profiles [80] . The simulations show that track formation is governed by atomic transport that depends on the energy deposition of the ion, the target material, and its crystallographic orientation. Overall, changes in pyrochlore composition subtly shift the balance between amorphization by melt quenching and recrystallization of the track core that is surrounded by defect-rich crystal. This dynamic recrystallization is evident in Fig. 7 , which presents the time evolution of Gd 2 Ti 2 O 7 pyrochlore structure following the initiation of a thermal spike. At 3.6 ps, the extent of the damage is large, but dynamic recrystallization from the surrounding pyrochlore crystal reduces the extent of damage. Composition (and ionic diffusion), energy deposition, and thermal conductivity are likely to dictate the final core-shell track structure (or defect fluorite structure in the zirconate) that forms.
Although these simulations shed light on the initial stages of track formation and atomic-level details of the track structure after 0.1 ns, a direct comparison of MD simulations with experimental observations can be problematic. Experimental TEM studies in general provide the structure of the track averaged over a column of atoms and may not be able to distinguish between highly disordered, partially amorphous, and amorphous material that may occur within the column. At the same time, simulations are limited by fixed charge potentials, the use of potentials fitted based on equilibrium properties to describe highly non-equilibrium processes, artifacts from small system sizes, and limitations on accessing time scale beyond a few nanoseconds with million-atom systems. Due to the short time scale of the simulations discussed here, there is a need to better understand damage evolution over experimental time scales by linking to methods such as kinetic Monte Carlo or rate theory. More realistic density functional theory-or reactive force field-based simulations of track formation in complex ceramics are limited by current computational resources and algorithms. Realistic simulations must account for energy transfer to electrons, transport of energetic electrons, electron-phonon coupling, defect migration, quenching of heated material, non-stoichiometry, and mesoscale microstructural features, which is a tall order. If these caveats are kept in mind, one can gain valuable insights about radiation response of complex ceramics by the judicious use of simulation data to interpret experiments and the use of experimental data to validate simulations and to refine models.
Conclusions
During the past few years, the understanding of swift heavy-ion tracks in complex ceramics has greatly advanced. Heavy ions of MeV to GeV kinetic energy deposit exceptional amounts of energy (several eV per atom) within an exceedingly short interaction time (less than fs) into nm-sized sample volumes. In pyrochlore (A 2 B 2 O 7 ) and compositionally related oxides (A 2 BO 5 ), this extreme energy deposition leads to ion tracks with a complex structure consisting of an amorphous core surrounded by a disordered, defectfluorite structured shell. The track size and damage morphology depend on the chemical composition of the material, irradiation temperature, and ion energy loss. This complex nanoscale coreshell track structure and its dependence on a number of experimental parameters provide a unique record of the track-formation process that can be used to benchmark calculations and simulations. The thermal-spike approach can only simulate experimental track data, if the entire track diameter (core + shell) is used as lateral extension of the originally molten phase. Then, the size of tracks in Gd 2 Ti 2 O 7 determined from high-resolution TEM images can be fully described as function of the energy loss at high and low ion velocities. In recent approaches, temperature profiles from the thermal spike calculations are inserted in MD simulations yielding information on how tracks evolve over picoseconds. The final track structures from simulations are in good agreement with microscopic observations and reveal the importance of recrystallization and defect recovery dynamics for the formation of the disordered shell. Experimental results in combination with computational simulations provide the basis for predicting materials response of complex ceramics under extreme conditions.
